The expression of GnRH and its receptor as a part of an autocrine regulatory system of cell proliferation has been demonstrated in a number of human malignant tumors, including cancers of the breast, ovary and endometrium. Dose-dependent antiproliferative effects of GnRH agonists in cell lines derived from these cancers have been observed by various investigators. GnRH antagonists also have marked antiproliferative activity in most breast, ovarian and endometrial cancer cell lines tested, indicating that the dichotomy of GnRH agonists and antagonists might not apply to the GnRH system in cancer cells. The classical GnRH receptor signal-transduction mechanisms, known to operate in the pituitary, are not involved in the mediation of antiproliferative effects of GnRH analogs in cancer cells. Rather, the GnRH receptor interacts with the mitogenic signal transduction of growth factor receptors and related oncogene products associated with tyrosine kinase activity, via activation of a phosphotyrosine phosphatase, resulting in downregulation of cancer cell proliferation. In addition, GnRH activates nuclear factor kB and protects the cancer cells from apoptosis. Furthermore, GnRH induces activation of the c-Jun N-terminal kinase/activator protein-1 (AP-1) pathway independent of the known AP-1 activators, protein kinase or mitogen activated protein kinase.
Introduction

Hypothalamic gonadotropin-releasing hormone
The hypothalamic decapeptide gonadotropin-releasing hormone (GnRH), also called luteinizing hormone releasing hormone (LHRH), has an important role in the control of mammalian reproduction (1 -3). It is released from the hypothalamus in a pulsatile manner and stimulates the synthesis and release of luteinizing hormone and follicle-stimulating hormone. In addition to this well-documented classic hypophysiotropic action, GnRH might have a role as a modulator of the activity of diverse systems in the brain and many peripheral organs (1, 4-10). An autocrine/paracrine function of GnRH has been suggested to exist, for instance, in the placenta (11 -14) , granulosa cells (15) (16) (17) , myometrium (18) and lymphoid cells (19 -21) . In addition, it is probable that such GnRH-based autocrine systems are present in a number of human malignant tumors, including cancers of the breast, ovary, endometrium and prostate.
In this article, our present knowledge on the common features and the mechanisms of action of GnRH in human gynecological cancers will be reviewed. In addition, new knowledge on GnRH-II will be reported. data have been obtained relating to the presence of GnRH receptors (5 -7). Northern blot analysis failed to detect GnRH receptor mRNAs in any of the non-pituitary tissues examined (24) . However, using RT-PCR, these mRNAs were recently identified in granulosa luteal cells (16) . The GnRH receptor transcript was identical to that found in pituitary gonadotrophs (32) . During spontaneous luteinization, GnRH and GnRH receptor expression were increased, suggesting that GnRH has a role in controlling corpus luteum function (32) . Kang et al. (33) demonstrated activation of mitogenactivated protein kinase (MAPK) by GnRH agonists in granulosa luteal cells. Nathwani et al. (32) were able to demonstrate a downregulation of GnRH mRNA by estradiol and a biphasic effect of estradiol on GnRH receptor mRNA expression, with an initial stimulation and a secondary downregulation. In addition, regulation of estrogen receptors a and b by GnRH agonists has been demonstrated, as the expression of both receptors is downregulated (34) . The data published on the normal human ovary are controversial. Using RT-PCR, Ohno et al. (8) failed to detect GnRH receptor expression in the normal ovary. In contrast, Minaretzis et al. (17) detected GnRH receptor mRNA in 9 of 10 human ovaries, using RT-PCR. Srkalovic et al. (35) detected GnRH receptors in 54% of normal human ovaries, by radioligand binding experiments. To date, the only functional data in this field are the experiments of Kang et al. (36) . In human ovarian surface epithelium (hOSE) cell cultures, they demonstrated the existence of GnRH receptors and a biphasic antiproliferative effect of the GnRH agonist, [D-Ala 6 ]GnRH. This effect was blocked by the GnRH antagonist, antide (36) . In the normal human endometrium and myometrium, Reshkin et al. (37) demonstrated expression of a high percentage of GnRH receptors, by radioligand binding experiments. Using RT-PCR and Southern blot, Ikeda et al. (38) were able to demonstrate GnRH, but not GnRH receptors, in the endometrium and the decidua. In contrast, Raga et al. (39) detected GnRH and GnRH receptors in the endometrium by RT-PCR and immunohistochemistry. As a dynamic pattern was found, with increasing concentrations in the luteal phase, the authors suggested that GnRH may have a paracrine/autocrine role in the early stages of implantation by modulating trophoblastic secretion of human chorionic gonadotropin (39) . Interestingly, similar findings were made in the Fallopian tube (40) . GnRH receptors have even been detected in endometriosis: using RT-PCR and Southern blot, Borroni et al. (41) were able to demonstrate the presence of these receptors in 13 of 13 samples of ovarian endometriosis; however, in cell cultures of these lesions, the GnRH agonist, leuporelin, exerted antiproliferative effects in just 5 of 13 cases. Kottler et al. (42) demonstrated co-expression of GnRH and its receptor in malignant and non-malignant tissues of the human breast. As GnRH agonists inhibit breast epithelial cell growth, these data raise the possibility of an autocrine/paracrine role for GnRH in the human mammary gland (42) .
To summarize: the expression of GnRH and of GnRH receptors, in addition to autocrine and paracrine effects of GnRH, have been shown in several benign reproductive tissues. In contrast to the situation with respect to the pituitary and the gynecologic tumors, the physiological role of these receptors is only marginally elucidated. Further understanding in this field might improve both reproductive medicine and the understanding of tumor biology.
GnRH in human gynecological cancers
Expression of GnRH and GnRH receptors
In earlier studies it was shown that breast, ovarian and endometrial cancers express receptors for GnRH (1, 2, 4, 43 -45) . Two types of GnRH binding sites exist, one of low affinity and high capacity, the other of high affinity and low capacity. The latter is comparable to the pituitary GnRH receptor (4, 46, 47) . In 1992, cloning, sequencing and expression of the human pituitary GnRH receptor were reported (23, 24) . These findings stimulated intensive research, leading to the demonstration of GnRH receptor gene transcripts in ovarian and endometrial cancer cell lines and in about 80% of the respective primary tumors (23, 48 -50) (Table 1) . In ovarian and endometrial cancer specimens and cell lines expressing mRNA for the pituitary GnRH receptor, high-affinity/low-capacity binding sites were found in (50, 55, 56) . As breast, ovarian and endometrial cancers express GnRH and its receptor, it seems reasonable to speculate that, in many of these tumors, there is a local regulatory system based on GnRH. The same situation was found in prostate cancer cells (45) .
Direct antitumor effects of GnRH analogs
The in vitro proliferation of a variety of human cancer cell lines can be inhibited by agonistic or antagonistic analogs (or both) of GnRH in a dose-and time-dependent manner (4, 47, 51, 52, 57 -59) (Fig. 1) . In most cancer cells except for the ovarian cancer cell line EFO-27, GnRH antagonists act like agonists, indicating that the dichotomy of GnRH agonists and antagonists does not exist in tumor cells (51, 60) . Using the human ovarian cancer cell line OV-1063 xenografted into nude mice, Yano et al. (61) demonstrated a significant inhibition of tumor growth by chronic treatment with the GnRH antagonist, cetrorelix, but not with the GnRH agonist, triptorelin. As both GnRH analogs induced a comparable suppression of the pituitarygonadal axis, the authors speculated that in vivo antitumor effects of cetrorelix were exerted directly on GnRH receptors in tumors (62) . The findings on direct antitumor effects of GnRH analogs in ovarian and endometrial cancer reported by several other groups are completely or partly in agreement with those described earlier (47, 62 -64) . In contrast, other investigators failed to detect direct antitumor effects of GnRH analogs in human ovarian and endometrial cancer cell lines, or observed them only at extremely high concentrations of GnRH analog (65) (66) (67) . These discrepancies might be explained by the likelihood that the majority of the cell lines used by these authors did not express highaffinity GnRH receptors (47, 68) . Alternatively, differences in culture or experimental conditions and in the types of GnRH analogs used might be responsible for the observed variance. In the case of prostate cancer, several groups reported direct antiproliferative effects of GnRH analogs in vitro and in animal in vivo models, which could be mediated through specific GnRH-binding sites (1, 46, 69 -73) .
Proliferation of ovarian cancer cells was significantly increased after treatment with an antiserum to GnRH, suggesting that GnRH produced by human ovarian cancer cells acts as a negative autocrine regulator of proliferation (74) (Fig. 2) . In contrast, Arencibia & Schally (75) have recently reported that, in ES-2 human ovarian cancer cells, the GnRH agonist triptorelin in a concentration of 10 ng/ml stimulated the proliferation in vitro after 48 h, but was inhibitory after 72 h and in concentrations of 1000 ng/ml. The GnRH antagonist cetrorelix inhibited growth of the ES-2 cell line only in a concentration of 1000 ng/ml. The in vitro incubation of ES-2 ovarian cancer cells with an GnRH antibody inhibited cell proliferation in a timeand concentration-dependent manner. These results suggest that GnRH may function as an autocrine growth factor in this ovarian cancer cell line (75) . Differences between tumor cell lines (e.g. variances in G-protein coupling and signaling) might explain these discrepancies.
Molecular mechanisms mediating the direct antitumor effects of GnRH
In view of the apparent similarity of GnRH receptors in peripheral cancers to those in the pituitary gonadotrophs, it seemed reasonable to speculate that GnRH signal transduction pathways in tumors might also be comparable to those operating in the pituitary, such as phospholipase C (PLC) and protein kinase C (PKC). Our group performed extensive studies in human ovarian and endometrial cancer cell lines. These cell lines express GnRH and GnRH receptors, and their proliferation is inhibited by GnRH analogs (50 -52). Although we were able to demonstrate clearly the activation of PLC, PKC and adenylyl cyclase in these tumor cells by pharmacological stimuli, the GnRH agonist triptorelin, in concentrations that were inhibitory to proliferation, had no effects on the activity of these signaling systems (76) . We found, however, that the mitogenic effect of growth factors in these cell lines could be counteracted by triptorelin, indicating an interaction with the mitogenic signal transduction pathway (76) . Comparable data were obtained by Moretti et al. (77) in the human prostatic cancer cell lines LNCaP and DU 145. These findings were in accord with reports that GnRH analogs reduced expression of growth factor receptors and their mRNA (61, 77, 78) or growth-factor-induced tyrosine kinase activity, or both (76, 77, 79 -84) . Growth-factor-induced tyrosine phosphorylation is probably counteracted by GnRH analogs through activation of a phosphotyrosine phosphatase (PTP) (76, 77, 80, 81, 83, 84) , which is probably coupled to the GnRH receptor through a G-protein ai in human reproductive tract tumors (85) . Using an antibody against tyrosine phosphate, we were able to show that the GnRH agonist triptorelin and the antagonist cetrorelix reduce epidermal growth factor (EGF)-induced tyrosine auto-phosphorylation of EGF receptors to 60 -80% of that in controls. This effect was completely inhibited using the phosphatase inhibitor, vanadate (86) (Fig. 3) .
The concept of an inhibition of mitogenic signal transduction by GnRH analogs in human cancer cells was further corroborated by our group. We demonstrated that EGF-induced activation of MAPK, an enzyme further downstream in the growth factor signaling cascade (87) , was virtually completely blocked in ovarian and endometrial cancer cells treated with the GnRH agonist triptorelin (76) . By quantitative RT-PCR and western blotting, we showed that the EGF-induced expression of the immediate early gene c-fos, a mechanism still further downstream in mitogenic signaling, was completely abrogated in breast, ovarian and endometrial cancer cells by treatment with the GnRH agonist triptorelin or with the GnRH antagonist cetrorelix (88) (Fig. 4) . The same effects were seen by Motta's group in the prostatic cancer cell line LNCaP by treatment with the GnRH agonist, goserelin (77, 89) .
The reasons for the differences in GnRH signal transduction in the pituitary gonadotroph and peripheral cancers remain unclear. Experimentally induced mutations of the GnRH receptor have altered GnRH binding, G-protein -receptor interactions, or correct membrane incorporation (90 -96) . However, in none of the analyzed breast, endometrial and ovarian cancer cell lines were we able to find any mutation in the coding region of the GnRH receptor gene transcripts (86) . Therefore mutations or splice variants of the GnRH receptor cannot be responsible for the alternative GnRH signal transduction pathway in cancer cells (86) . Conversely, some normal and neoplastic human tissues have been found to express differential splice variants of the GnRH receptor gene in a tissue-dependent manner (97). It is not clear yet whether these splice variants can be translated into active membrane receptors or not. In the tumor cell lines that we analyzed, however, no signs of alternative GnRH receptor splice variants were seen (86) . It might be possible that a different coupling to Gproteins is responsible for the distinct GnRH signal transduction in cancer cells as compared with pituitary gonadotrophs. We found that, in endometrial and ovarian cancer cells, the GnRH receptor couples to several G-proteins (G-protein aq and G-protein ai) (Fig. 5) .
The antiproliferative signal transduction, however, is exclusively mediated through the pertussis toxin-sensitive G-protein ai (86) (Fig. 6) .
It has been speculated that GnRH activates a PTP and thus antagonizes growth-factor-induced tyrosine phosphorylation (60) . It is likely that the antiproliferative effects of GnRH analogs might be directly mediated through inhibition of growth factor signaling on its first step, the auto-phosphorylation of tyrosine residues of growth factor receptors. Some indirect evidence that GnRH activates a PTP was found by Imai et al. (83) and by Emons et al. (76) , showing that GnRH reduces the net tyrosine phosphorylation of membrane proteins. Direct evidence for the G-protein ai-mediated activation of a PTP and a reduction in EGF receptor tyrosine phosphorylation by GnRH had not been obtained to date. We recently found that, in endometrial and ovarian cancer cells, the GnRH receptor activates a PTP, counteracting EGF-induced tyrosine auto-phosphorylation of the EGF receptor, resulting in downregulation of mitogenic signal transduction and cell proliferation. This effect was completely blocked by pertussis toxin, indicating the involvement of pertussis toxin-sensitive G-protein ai in GnRH-induced PTP activity (86) (Fig. 7) . 
GnRH and apoptosis
In plasma membranes of specimens from ovarian and endometrial cancers, GnRH recently has been shown to increase the expression of Fas ligand (98), known to promote apoptotic cell death through binding to Fas-positive cells within tumors. GnRH analogs are able to induce Fas ligand production in some GnRHreceptor-positive ovarian and endometrial cancer cells (99, 100). Though we have tried to show induction of apoptosis by GnRH analogs, we have found it only in one ovarian cell line (Ca-Ov-3), among nine ovarian (EFO-21, EFO-27, NIH:OVCAR-3, AN-3-CA, Ca-Ov-3, SK-OV-3) and endometrial (HEC-1A, HEC-1B, Ishikawa) cell lines investigated (101 and unpublished results). In a study conducted to investigate whether GnRH affects apoptosis in ovarian cancer, we found that the GnRH agonist triptorelin reduced apoptosis induced by the cytotoxic agent, doxorubicin. As triptorelin-induced reduction of doxorubicin-induced apoptosis was blocked by inhibition of nuclear factor kB (NFkB) translocation into the nucleus, and triptorelin was shown to induce NFkB activation, we concluded that GnRH has an antiapoptotic effect mediated through NFkB activation in these human ovarian cancer cells (101) (Fig. 8) . This possible protection of ovarian cancer cells from programmed cell death that this offers is a new and important feature in GnRH signaling in ovarian tumors, in addition to its inhibitory interference with the mitogenic pathway.
Additional signaling mechanisms
In human endometrial and ovarian cancer cells, the GnRH agonist triptorelin stimulates the activity of activator protein-1 (AP-1) mediated through the pertussis toxin-sensitive G-protein ai. In addition, triptorelin activates c-Jun N-terminal kinase (JNK), which is known to activate AP-1 (102) . In earlier investigations, we have shown that triptorelin does not activate PLC and PKC in endometrial and ovarian cancer cells (76) . In addition, it has been demonstrated that triptorelin inhibits growth-factor-induced MAPK activity (76) . Thus triptorelin-induced activation of the JNK/AP-1 pathway in endometrial cancer cells is independent of the known AP-1 activators, PKC or MAPK.
In endometrial and ovarian cancer cells, GnRH analogs mediate antiproliferative actions via inhibition of growth-factor-induced mitogenic signal transduction. The GnRH agonist triptorelin protects the cancer cells from apoptosis via activation of NFkB, and triptorelin stimulates AP-1 and JNK activity. Recently Yamauchi et al. (103) found that JNK is involved in inhibition of the cell proliferation that is induced by a1B-adrenergic receptor in human embryonic kidney cells. In a study in rats, c-jun mRNA depression and endometrial epithelial cell proliferation were suggested to be linked (104) . In UT-OC-3 ovarian cancer cells, cytokines have inhibitory effects on cell proliferation and activate AP-1 and NFkB (105) . As the antiproliferative GnRH agonist triptorelin activates the JNK/c-jun pathway and JNK/c-jun was found to be involved in downregulation of cell proliferation in different systems, it seems reasonable to speculate that the JNK/c-jun pathway is involved in the antiproliferative actions of the GnRH agonist triptorelin. It might be interesting to investigate the basis of the cooperation of AP-1 with NFkB, in addition to the molecular basis of the antiapoptotic functions. Further investigations are required to determine whether or not the triptorelin-induced increase in AP-1 activity is 
GnRH-II and its receptor
In non-mammalian vertebrates, it became evident that three structural variants of GnRH were present in individual species (107, 108) . A similar situation seems to exist in mammals. One of these GnRH variants is GnRH-II (also called chicken GnRH-II), which is entirely conserved in structure in the evolution from fish to mammals (109, 110) . In human granulosaluteal cells, expression of GnRH-II has been found (111) . In these cells, GnRH-I agonists exerted a biphasic effect on GnRH-I receptor density, whereas GnRH-II agonists just produced a downregulation of GnRH-I receptor expression and of GnRH-II (111) . In human ovarian and endometrial tumor cells, we found that treatment with GnRH-II had much greater effects on the inhibition of tumor cell proliferation than GnRH-I and its agonists (unpublished results). In earlier studies, we were able to show that two types of GnRH binding sites exist in endometrial and ovarian cancer cells, one of low affinity and high capacity, the other of high affinity and low capacity. The latter is comparable to the pituitary GnRH receptor (4, 46, 51, 52). The low-affinity binding site (using GnRH-I agonists) may be the putative GnRH-II binding site, with GnRH-I cross-reaction. It could be speculated that a second GnRH receptor type would also be present in vertebrates. Neill et al. (112) cloned, from the rhesus monkey (Macaca mulatta ), a type II GnRH receptor that is highly selective for GnRH-II and was found to be ubiquitously expressed in human tissues, using a 32 P-labeled riboprobe specific for GnRH-II receptor. As the type II receptor has a C-terminal cytoplasmatic tail, it is rapidly internalized, in contrast to the type I receptor, and has a distinctly different signaling pathway (113, 114) . In addition, GnRH antagonists have agonistic effects on the type II receptor (115) . This finding might explain earlier observations that GnRH antagonists behave like agonists in reproductive tissue tumors (60) . The recent cloning of the primate type II GnRH receptor sets the stage for the development of new analogs with selective activities on either GnRH-I or GnRH-II systems.
Summary
In human cancers, the distinction between GnRH agonists and antagonists on the basis of pituitary responses may not be appropriate. In addition, the GnRH signal transduction pathway that operates in normal tissues seems not to be essential in cancer cells. The most important features of GnRH signaling in tumors are the inhibitory interference with the mitogenic pathway that results in antiproliferative actions, and the possibility of protecting the cells from apoptosis via activation of NFkB. In addition, GnRH activates the AP-1 signaling pathway which is possibly involved in the antiapoptotic and antiproliferative functions. In endometrial and ovarian cancer cells, the GnRH receptor couples to G-protein aq and G-protein ai, but both the antiproliferative and the antiapoptotic signal transduction are mediated through G-protein ai. In prostate cancers, Figure 8 Flow cytometric analysis of ovarian cancer cell lines EFO-21 (A) and EFO-27 (B). After 72 h of treatment with 1 nmol/l of the cytotoxic agent doxorubicin, characteristic apoptotic DNA degradation (31% or 34% respectively) was observed (column 1). After 72 h of treatment with 1 nmol/l doxorubicin in the presence of 100 nmol/l of the GnRH agonist triptorelin, a significantly lower amount of characteristic apoptotic DNA degradation (17% or 18% respectively) was observed ðP , 0:001Þ (column 2). After 72 h of treatment with 1 nmol/l doxorubicin and 100 nmol/l triptorelin in the presence of 18 mmol/l NFkB nuclear translocation inhibitor SN50, the proportion of cells showing characteristic apoptotic DNA degradation was 28% or 31% respectively (column 3). Using the inactive SN50M control peptide instead of SN50, a significantly lower amount of characteristic apoptotic DNA degradation (16% or 15% respectively) was observed ðP , 0:001Þ (column 4). From Grü ndker et al. the GnRH receptors are linked to the G-protein aicAMP signal transduction pathway. Fig. 9 summarizes current knowledge on GnRH signal transduction in gynecological cancers.
The existence of the additional GnRH-II system in brain, pituitary and reproductive organs, and in tumors of these organs, together with knowledge of different mechanisms of action in these tissues, may contribute to the development of new GnRH agonists and antagonists having selective actions on these different GnRH receptors and systems. For example, new selective GnRH analogs could be developed that inhibit endometriosis without affecting pituitary gonadotrophs. Other selective GnRH analogs developed for assisted reproduction might downregulate pituitary gonadotroph function without having effects on the endometrium. The use of selective GnRH receptor modulators might improve the therapeutic efficacy of GnRH analogs. In gynecological cancer cells, GnRH analogs mediate antiproliferative actions via inhibition of growthfactor-induced mitogenic signal transduction. In addition, GnRH induces growth factor receptor downregulation. GnRH protects the cancer cells from apoptosis via activation of NFkB, and stimulates AP-1 and JNK activity. RPTK, Receptor protein tyrosine kinase; TCF, transcription factor; IkB, inhibitory kB; Gq, G-protein aq; Gi, G-protein ai; SN50, inhibitor of nuclear translocation of activated NFkB; p50, p65, NFkB subunits. For references and further details see text.
